Photoluminescence investigations on undoped n-type GaN layers grown on 6H-SiC and sapphire reveal the presence of residual acceptors with a binding energy of 230 meV. Their presence in high temperature vapor phase epitaxy grown layers is strongly correlated with the graphite susceptor containing the Ga. Mg as a contamination can be ruled out. In metal organic vapor phase epitaxially grown layers, the metal organic are probably the source of the carbon contamination. It is concluded that carbon on nitrogen sites introduces the most shallow acceptor in GaN. The experimental observations are supported by an estimate of the acceptor binding energy using effective-mass-theory.
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p-type doping in metal organic vapor phase epitaxy ͑MOVPE͒ grown GaN is typically achieved using Mg.
1,2 At room temperature free hole concentrations well above 10 18 cm Ϫ3 are found allowing for the realization of p-n junction light emitting diodes. The binding energy of the Mg acceptor as determined from the donor-acceptor pair (D-A) transition in luminescence is 250 meV. 3 Temperature dependent photoluminescence ͑PL͒ experiments gave thermal activation energies between 155 and 165 meV for the Mg acceptor. 4 There is still the question whether acceptors with smaller binding energies exist, whether they are suitable dopants that can be incorporated at high concentrations. Zn, Cd, and Be used as acceptors dopants have even larger binding energies ͑see Table I͒ and hence are not suitable. 3 Zn, Cd, and Be belong to the group II ͑a or b͒ elements of the periodic table and substitute for Ga in GaN. The role of C and Si-the group IV elements which can be amphoteric either on substitutional Ga or N sites-is less well understood. Si is a very efficient n-type dopant. It can be incorporated at concentrations above 10 19 cm Ϫ3 , and it does not appear to act as an acceptor. Thus Si as a shallow donor assumes Ga sites. 5 On the other hand carbon has been found to introduce effective mass type shallow acceptor states in all important III-V semiconductors ͑GaAs, GaP, InP, InGaAs͒. Moreover in all cases it is the acceptor with the smallest central cell corrections. 6 In a recent report on molecular beam epitaxially grown GaN the doping with C led to p-type conductivity. 7 In this letter we report on photoluminescence investigations of wurtzite GaN grown on c-plane 6H-SiC and r-plane sapphire by high temperature vapor phase epitaxy ͑HTVPE͒. 8 The layers were nominally undoped, n-type, and had free carrier concentrations ranging between 1ϫ 10 17 cm Ϫ3 and 2ϫ10 18 cm Ϫ3 . The luminescence was excited by the 325 nm line of a HeCd laser in an optical cryostat. The sample temperature could be varied between 4.2 K and room temperature. The emission was dispersed by a 0.85 m double grating spectrometer and detected by a UV sensitive photomultiplier.
Typical photoluminescence of GaN grown on 6H-SiC or sapphire ͑inset͒ is shown in Fig. 1 sition is shifted to higher energies. The D-A recombination energy is given by
where E gap is the band gap energy, E D and E A are the donor and acceptor binding energies respectively, ␣ is a constant to be determined experimentally, and n is the donor concentration ͑set equal to the free carrier concentration͒. The last term in Eq. ͑1͒ accounts for the Coulomb interaction. The band acceptor transition is given by
with k being the Boltzmann constant, T the temperature. The energy difference is hence
We recently reported on the determination of E D and ␣. 9 The values are 35.5 meV and (2.1Ϯ0.1)ϫ10
Ϫ8 eV cm, respectively. This gives a concentration for the donors of 2ϫ10 17 cm Ϫ3 using Eq. ͑3͒. For the acceptor binding energy we obtain 230Ϯ5 meV using the energy gap of GaN at low temperatures of 3.503 eV. 10 The binding energy is slightly lower compared to the value for Mg ͑see Table I͒. In Fig. 2 we show the intensity of the band acceptor transitions on a logarithmic scale as a function of the inverse temperature ͑Arrhenius plot͒. The quenching is thermally activated with an activation energy of ⌬Eϭ135Ϯ10 meV. For Mg values between 155 and 165 meV have been reported. 4 However, we want to stress at this point that Mg contamination in our reactor can be ruled out. The same donor-acceptor transition was also detected in layers grown by hydride vapor phase epitaxy and is commonly seen in samples deposited by metal organic vapor phase epitaxy. We think in all cases carbon is the contaminant and that carbon induces a shallow acceptor in GaN, as it does in other III-V compounds ͑see Table I͒ . It is the acceptor with the smallest central cell effects. Its binding energy is usually close to Mg, and the binding energies increase in the sequence C, Mg, Zn and Cd. The value reported for C in GaN 3 ͑thermal activation energy of 860 meV͒ was assigned in the report of Ogino et al. 11 to a complex and not to the isolated C acceptor. A recently reported optically detected magnetic resonance of a shallow acceptor in undoped GaN films was tentatively assigned to C. 12 In the following we give an estimate of the acceptor binding energy based on the effective-mass-theory ͑EMT͒. The values required are the dielectric constant ⑀ and the heavy hole mass m hh , because it is the heavy hole that forms the top of the valence band in wurtzite GaN. The free exciton binding E ex energy is known to be 27Ϯ1 meV 10, 11 with reasonable accuracy. The electron effective mass m e is 0.236m 0 .
9 From the exciton binding energy the heavy hole mass can be derived using the relation
.
͑4͒
We thus obtain m hh ϭ0.75Ϯ0.05 ͓with ⑀͑0͒ϭ9.5͔. This value is in very good agreement with an earlier report of m hh ϭ0.8 by Pankove 13 The acceptor binding energy can be determined with
where ␥ is a correction factor and related to the ratio ␤ of the light and the heavy hole mass ͑see Table I͒ . If ␤ is very small ␥ equals 4/9. 14 For the well studied materials GaAs, InP and GaP ␥ is found to lie between 0.5 and 0.6. The thus calculated EMT binding energies are listed in Table II . These values are typically smaller than the experimental ones and de- viate by 20 % or more. The trend of increasing values within the series of materials, however, is well reproduced. Assuming a similar ratio of light and heavy hole mass in GaN, we use an average correction factor of ␥ϭ0.55. Using m hh ϭ0.75 and the static dielectric constant ⑀(0), we should expect E A ϭ62 meV. This value is off the experimental value ͑230 meV͒ by more than a factor of three. In EMT typically the static dielectric constant ⑀͑0͒ is used. However, as it has been pointed out recently by Orton this should not hold for GaN. 15 In GaAs, InP and GaP the acceptor binding energies are smaller than or comparable to the optical phonon frequencies and the dielectric function is well approximated by its static limit ⑀͑0͒. From Raman measurements of the same material we find phonon energies of 736 cm Ϫ1 ϭ 91.3 meV ͓A 1 ͑LO͔͒ and 562 cm Ϫ1 ϭ 69.7 meV ͓E 1 ͑TO͔͒ but the acceptor binding energies are still about a factor 2.5 higher. In that case it should be more appropriate to use the high frequency dielectric constant ⑀͑ϱ͒. 15 Applying ⑀(ϱ)ϭ5.35, 3 we now obtain E A ϭ196 meV. Having in mind the uncertainties for m hh and ⑀ the calculated acceptor binding energy is thus only about 15 % below the experimental value. Zn and Cd are known to have very deep acceptor levels in GaN. Strite 16 suggested that this should be due to a strong repulsion of the p and d-shells of this these impurities that would induce a d-electron core relaxation. Strite proposed that having no d-shell C would be excepted from this effect and could be a shallower acceptor in GaN. Further details, e.g. the solubility of C in GaN and whether concentrations above 10 18 cm Ϫ3 can be achieved still need to be explored.
In conclusion we present experimental evidence that carbon induces a shallow acceptor level in GaN with an ͑opti-cal͒ binding energy of 230 meV. It is the shallowest acceptor in several III-V semiconductors, and most likely in GaN as well. The effective mass approach used to calculate the binding energy supports our conclusions.
We 
